A mid-tropospheric mesoscale cold core passed over the Sea of Japan on 14 January 2001 during a cold air outbreak. In association with the passage of the cold core, intensification and northward and southward shifts of the Japan-Sea Polar-Airmass Convergence Zone (JPCZ) were observed. In order to clarify a response of the JPCZ to a change of upper-level environment, the shift and intensification processes associated with the passage of the cold core were studied mainly using a non-hydrostatic cloudresolving model.
Introduction
During outbreaks of cold air from the Eurasian Continent in winter, a convergence zone is frequently formed in the lower troposphere in the western Sea of Japan. The existence of a convergence zone was pointed out as a broad cloud band on a satellite image shown in Oka-bayashi (1969) for the first time. Asai (1988) referred to the convergence zone as the ''Japan-Sea Polar-Airmass Convergence Zone (JPCZ).'' In the present study the abbreviation, JPCZ, is used to represent not only a low-level convergence zone but also the cloud and precipitation band along the convergence zone. A JPCZ with a length of approximately 1000 km extends from the joint of the Korean Peninsula. The downstream part of the JPCZ shifts between San-in and Tohoku, Japan (Fig. 1) . The broad band cloud along the JPCZ is composed of active convective snow clouds and brings intense snowfall to the coastal region of the Japa-nese Islands. Sometimes, the cloud band remains in the same position, which results in heavy snowfall on its landing region. In order to understand intense and heavy snowfall, the structure as well as the formation, evolution, maintenance, and shifting processes and mechanisms of the JPCZ must be studied.
Some observations using a satellite (Okabayashi 1972) , conventional radar (Fukatsu 1977) , upper-air sounding launched from a research vessel (Arakawa et al. 1988) , and aircraft (Murakami et al. 2005) clarified the cloud and precipitation patterns, and mesoscale kinematic and thermodynamic structures around the JPCZ. Nagata (1987) successfully simulated the mesoscale structures of the JPCZ using a primitive model with a horizontal resolution of 42.3 km (60 N).
The formation and maintenance mechanisms were also studied using observations and numerical experiments. Okabayashi (1972) inferred that the distribution of the land including the Korean Peninsula and Siberia and the difference of heating between the warm sea and the cold land are important for the formation of the convergence zone with a thermal trough in the low level. Using satellite data, Yagi et al. (1986) suggested that the blocking of the mountains north of Korea under a stable stratification forms a convergence on the lee side of the mountains. Nagata et al. (1986) and Nagata (1991) studied the formation mechanisms for the JPCZ using the same primitive model as that used in Nagata (1987) . They revealed that both of the land-sea thermal contrasts and the blocking effect of the mountains north of Korea contribute to the formation of the JPCZ. In addition, they showed that the characteristic sea surface temperature distribution with a strong gradient in the central Sea of Japan is also important for the formation. They concluded that all three lower boundary forcings contribute in the same degree to the formation of the JPCZ. From heat and moisture budget analyses in a numerical experiment, Nagata (1987) clarified that the thermodynamic structure around the JPCZ was maintained by localized diabatic heating mostly composed of latent heat release along the JPCZ in environmental cold air advection.
Although the above-mentioned studies did not clarify the evolutions of the JPCZ, the JPCZ varies in association with the transitions of the large-scale environment. One of the disturbances that affect the environment around the JPCZ is a low-temperature anomaly associated with a trough, positive vorticity, and positive potential vorticity (PV) anomaly observed in the upper level. Such an upper-level disturbance is referred to as an upper-level cold core, cold vortex, or cold trough. These scales range from a meso-a scale, which is sometimes referred to as short wave, to a synoptic scale. Dynamics of the upper-level disturbance is often explained using PV (Hoskins et al. 1985; Nikaidou 1986; Bluestein 1992; Bluestein 1993; Ogura 2000) . If there are no diabatic heating and no frictional force, PV is conserved along a trajectory. In the situation, an updraft is induced below and in the front part of an moving upper-level positive PV anomaly, on the other hand, a downdraft is formed behind it. The invertibility principle using a balance condition such as quasi-geostrophic equations (Hoskins et al. 1985; Nikaidou 1986) or balance equations (Davis and Emanuel 1991) enables to derive atmospheric fields such as velocity, pressure, and temperature from a distribution of PV. An upper-level positive PV anomaly induces low pressure and cyclonic circulation below the positive PV. These fields are diagnostically derived from the invertibility principle. Therefore, this analysis does not explain temporal changes, in which an upper-level disturbance with positive PV anomaly modifies atmospheric fields in the lower level to form low pressure and cyclonic circulation. Uemura (1980) , using satellite images and upper-air sounding data, showed that a band cloud along the JPCZ changed into a vortexlike pattern through an arc-like pattern with time when an upper-level cold vortex approached the cloud. Nagata (1992) reported the responses of the JPCZ to a passage of an upper-level short-wave trough. Precipitation along the JPCZ had peak intensity under the trough, where the deepest unstable layer was formed. In the front part of the trough, the JPCZ went up north. When the trough moved eastward from the center of the Sea of Japan, the JPCZ shifted southward. He explained that the shift of the cloud band along the JPCZ was determined by the wind direction in the midlevel of the mixing layer, and that the wind direction of this level was controlled by the traveling short-wave trough. However, the dynamics of the shift of the JPCZ associated with the passage of a upper-level short-wave trough remains to be clarified.
An upper-level disturbance passed over the JPCZ pre-established in the Sea of Japan from 14 to 15 January 2001. We refer to the disturbance as a mid-tropospheric cold core because we focus on a change of stability associated with the passage of the disturbance, and the temperature anomaly was most distinct in the mid-troposphere. During a passage of the midtropospheric cold core, the JPCZ was strongly intensified and shifted northward and southward, which was similar to the case shown by Nagata (1992) . In order to clarify a response of the JPCZ to a change of upper-level environment, the dynamics of the shift and intensification of the JPCZ associated with the passage of the mid-tropospheric cold core is examined mainly using a cloud-resolving model.
Data and model

Data
The data used for the analyses are listed in the following: 1. Global objective analysis (GANAL) with a horizontal resolution of 1.25 degrees and 18 levels (surface and 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 , and 10 hPa) every 6 hours provided by the Japan Meteorological Agency (JMA). 2. Regional objective analysis (RANAL) with a horizontal resolution of 20 km (30 N and 60 N) and 21 levels (surface and 1000, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 , and 10 hPa) every 12 hours provided by the JMA.
Geostationary
Meteorological Satellite (GMS) infrared (IR) data received at the Hydrospheric Atmospheric Research Center (HyARC) of Nagoya University. 4. NOAA satellite channel 4 (thermal-infrared) data received at the HyARC of Nagoya University. 5. Upper-air soundings observed at Wajima (37 23 0 N, 136 54 0 E) every 6 hours and on board of Chofu-maru, a research vessel (36 50 0 N, 133 40 0 E) every 3 hours; the data were obtained from the field experiment ''Winter Mesoscale Convective Systems Observation over the Japan Sea 2001 (WMO-01)'' (Yoshizaki et al. 2001; Yoshizaki et al. 2004 ). 6. Radar-AMeDAS precipitation intensity, which is the radar-estimated precipitation rate calibrated by the Automated Meteorological Data Acquisition System (AMeDAS) rain gauges provided by the JMA.
The following data were used for the initial and boundary conditions of the numerical experiment: 1. Regional Spectral Model (RSM) simulation output data with a horizontal resolution of 20 km (30 N and 60 N) and 16 levels (surface and 1000, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150 
Numerical model
The Cloud Resolving Storm Simulator (CReSS) developed at the HyARC of Nagoya University in Japan Sakakibara 2001, 2002) was used for simulating the shift and intensification of the JPCZ. CReSS has been used in many cases to successfully simulate atmospheric phenomena, including clouds and precipitation (e.g., Liu et al. 2004; Wang et al. 2005; Liu et al. 2006; Zhang et al. 2006; Maesaka et al. 2006) .
The main specifications of the model and configurations of the simulation experiment of the present study are summarized in Table 1 . CReSS is a cloud-resolving regional model formulated in terms of non-hydrostatic and compressible equations on a terrain-following coordinate. A cloud microphysical process is formulated by a bulk method of cold rain parameterization. The prognostic variables are the mixing ratios of water vapor, cloud, rain, ice, snow, and graupel. Number densities are also predicted for ice, snow, and graupel. No cumulus parameterization scheme is used. The subgrid-scale turbulence is parameterized using the 1.5 order closure predicting turbulent kinetic energy. Land-use types were not considered, except for land and sea. The albedo and evapotranspiration efficiency are constant with time, although different values are used on land and on sea for these parameters. The radiation process is included only in the calculation of the ground temperature. Ground and sea temperatures are calculated using the onedimensional heat diffusion equation on multilayers. The roughness is constant with time on land surface, while it depends on the wind speed on sea surface.
The simulation domain, the altitude of topography, and the SST used in the initial condition are shown in Fig. 1 . The domain has 
Observational characteristics
In the middle of January 2001, a cold air outbreak was maintained from Siberia to over the Sea of Japan. Figure 2 shows the surface synoptic chart obtained from the GANAL at 15 JST, 14 January 2001. The Sea of Japan was located behind the synoptic-scale low-pressure systems that were located over the Sea of Okhotsk (50 N, 154 E) and the Pacific Ocean (36 N, 153 E). The northerly to northwesterly wind from the continent brought cold air around À15 C over the Sea of Japan. The SST of the Sea of Japan is around 0 C in the northern part and 15 C in the southern part ( Fig. 1 ). The relatively warm sea heats the cold air advected from the continent. This results in the development of a mixing layer.
In a mixing layer, many cloud streaks and bands develop ( Fig. 3 ). In the clouds, a long broad band cloud with high cloud top extended from the joint of the Korean Peninsula toward San-in and Hokuriku of the Japanese Islands in the western Sea of Japan. This is the band cloud that formed along the JPCZ.
In the mid-troposphere, some mesoscale cold cores with a horizontal scale of about 1000 km are present (Fig. 4) . The cold cores are found along the rim of a mid-tropospheric synopticscale low which was located over the Sea of Okhotsk (49 N, 146 E) at 09 JST, 12 January 2001 (not shown). One of the cold cores propagated to the Sea of Japan along the rim of the mid-tropospheric synoptic-scale low, which is shown with thick solid lines in Fig. 4 . The cold core is recognized as a temperature minimum at each level between 700 hPa and 500 hPa and most clearly at 600 hPa. The cold core also corresponds to the location of a vertical vorticity maximum, which is most clearly identified at 400 hPa (not shown). This cold core can be traced over 2 days before it arrives at the Sea of Japan. The center of the cold core was located over the western Sea of Japan at 21 JST, 14 January 2001. The propagation of the cold core is identified with that of the positive PV anomaly (Yoshizaki et al. 2004, Fig. 12) . Figure 5a shows the location of the cold core and the convective instability at 21 JST, 14 January 2001. The convective instability is defined as the difference in the equivalent potential temperature ðy e Þ between 600 hPa and 950 hPa. The center of the cold core with the lowest y e in the mid-troposphere was located at 37 N, 131.5 E. In the lower level, the ridge of the high y e along the JPCZ extended from Hokuriku toward the joint of the Korean Peninsula ( Fig. 5b) . These y e fields in the middle and lower troposphere form an unstable region extending toward the front of the cold core (gray levels). Afterward the cold core propagates eastward. When the cold core in the midtroposphere approaches the JPCZ, the convective stability decreased. When the center of the cold core is located over the ridge of the high y e in the lower level along the JPCZ, the most unstable stratification is formed. The stratification is then stabilized when the center of the cold core moves away from the JPCZ.
The GMS-IR images in Fig. 6 show the equivalent blackbody temperature (TBB) at the cloud tops. The TBB along the JPCZ, which is characterized by the band with low TBB, decreased from 18 JST, 14 January 2001 in the southeastern JPCZ. This indicates that a deep convection started to develop. The lowest TBB reached less than À40 C around 00 JST, 15 January 2001. This remarkably low-TBB area extended NE from the JPCZ (21 JST, 14 to 03 JST, 15 January 2001). The cloud area with the low TBB then moved eastward and disappeared over the Japanese Islands (06 JST to 12 JST, 15 January 2001). On the other hand, the TBB along the JPCZ increased to almost the same TBB as that before the development started (12 JST, 15 January 2001) . In order to examine detailed locations of the JPCZ, the precipitation patterns are shown in Fig. 7 . The precipitation band along the JPCZ was located near the Oki Islands and extended to San-in at 15 JST, 14 January 2001. The band shifts northward up to the joint of the Noto Peninsula of Hokuriku by 03 JST, 15 January 2001. This northward shift is associated with the development of the cloud band with high cloud top shown in Fig. 6 . The band then moves southward and returns to the location before the JPCZ shifted northward. The distance of the shift is about 200 km. A precipitation band, which was studied in Ohigashi and Tsuboki (2005) , extending along the coastal region of Hokuriku from the joint of the Noto Peninsula after 09 JST, 15 January 2001 is not focused in the present study.
The change in the potential temperature ðyÞ and wind fields associated with the passage of the cold core is shown in Fig. 8 . The lower y was observed from 15 JST, 14 to 06 JST, 15 January 2001 between 500 hPa and 700 hPa at Chofu-maru ( Fig. 8a) , which was located within the JPCZ or to its south. This indicates the passage of the cold core. The weakly stable layer with a small vertical gradient of y developed up to about 500 hPa at 21 JST, 14 January 2001. On the other hand, the lower y was observed between 500 hPa and 550 hPa from 21 JST, 14 to 09 JST, 15 January 2001 at Wajima, which was located to the north of the JPCZ (Fig. 8c ). The deepest weak-stability layer is formed at 03 JST, 15 January 2001. This indicates that the center of the cold core moved from Chofu-maru to Wajima between 21 JST, 14, and 03 JST, 15 January 2001. During the period, the JPCZ was located between Chofumaru to Wajima. Therefore, the center of the cold core passed right over the JPCZ between 21 JST, 14, and 03 JST 15 January 2001. The cloud with lowest TBB along the JPCZ shown in Fig. 6 developed during the period.
In the lower level, the wind speed significantly changed in association with the passage of the cold core. The westerly to west-northwesterly wind increased at Chofu-maru below 800 hPa from 15 JST, 14 January 2001. The maximum wind speed in the lower level exceeded 20 m s À1 below 900 hPa at 00 JST, 15 January 2001 ( Fig. 8b) . In contrast, a weaker wind of less than 8 m s À1 is seen in the lowest level below 800 hPa at Wajima around 21 JST, 14 January 2001 (Fig. 8d ). The maximum wind speed in the south of the JPCZ and minimum in the north were formed around the period in which the center of the cold core passed right over the JPCZ. Then, the wind speed in the strong wind region in the south of the JPCZ in the lower level decreased from 00 JST, 15 January 2001 (Fig. 8b) . The wind speed below 900 hPa at 03 JST, 15 January 2001 became 12 m s À1 . On the other hand, the wind speed increased below 750 hPa in the north of the JPCZ (Fig. 8d ). The wind speed below 900 hPa in the north of the JPCZ at 03 JST, 15 January 2001 was comparable to that in the south of the JPCZ. In the upper level, west- Fig. 5 . Equivalent potential temperatures (solid lines, K) at (a) 600 hPa and (b) 950 hPa, and differences of the equivalent potential temperature between 600 hPa and 950 hPa (gray levels, K). Negative values of the differences show that the equivalent potential temperature at 600 hPa is lower than that at 950 hPa, which indicate convectively unstable stratification. Figure 9 shows the temperature fields for the region in which the total mixing ratio of hydrometeors indicate 0.05 g kg À1 in the numerical experiment. This corresponds to the cloud top temperature, which is comparable to the GMS-IR images shown in (Fig. 10d ). The maximum wind speed in the south of the JPCZ and minimum wind in the north appeared almost simultaneously. The wind speed in the lower level then decreased in the south of the JPCZ and increased in the north. In the upper level, westerly winds were mostly predominant. The wind speed increased with height. Coarse time resolutions of the observations can account partly for lags of the patterns between the observation and the simulation result. Although there are also some differences in the absolute values between the observation and the simulation results, the experiment using CReSS successfully simulated the observational characteristics shown in Fig. 8 .
Numerical simulation
Comparison with observational characteristics
Northward shift process
We consider that the shift and intensification of the clouds and precipitation along the JPCZ shown in Fig. 9 were caused by those of a low-level horizontal convergence along the JPCZ. The low-level horizontal divergence across the JPCZ along the line A0-A1 in Fig.  9 is shown in Fig. 11 . In order to smooth small-scale fluctuations, the divergence was averaged in the area with 0.89 degrees in the meridional direction and 1.09 degrees in the zonal direction centered at each grid point; the result is referred to as a ''100 km-square running mean.'' All following figures are 100 km-square running mean patterns, except for those showing momentum budget. The maximum low-level convergence of the JPCZ is located in a distance of 100 km to 150 km from A0 at 12 JST, 14 January 2001. The low-level convergence is intensified until 00 JST, 15 January 2001, and the location of the maximum convergence moves northeastward (the righthand side in the figure) up to 300 km from A0. The convergence zone then turns back southwestward (the left-hand side in the figure) with broadening and weakening, and returns at 06 JST, 15 January 2001 to the position before it started to move northeastward. The convergence zone almost stays at the same position after 06 JST, 15 January 2001.
4.2.a. Divergence tendency using divergence equation
We examine the shift process of the low-level horizontal convergence of the JPCZ using the divergence equation. We divide horizontal and vertical advections to separate an effect associated with vertical motions, and apply the horizontal divergence to the frictionless horizontal momentum equation. Then, the divergence equation is
where v h is the horizontal velocity vector, w is the vertical velocity, f is the Coriolis parameter, k is the vertical unit vector, and v a is the ageostrophic velocity vector. The Coriolis force exerted on the ageostrophic velocity ðÀf k Â v a Þ is referred to as ''F AGEO .'' The terms D HADV , D VADV , and D AGEO indicate divergences of the horizontal advection, vertical advection, and F AGEO , respectively. The divergence equation (1) indicates that a temporal change of horizontal divergence is caused by D HADV , D VADV , and D AGEO . Figure 12 shows the horizontal wind and divergence ( Fig. 12a ), pressure field ( Fig. 12b ), acceleration vectors, and horizontal divergence tendency (Figs. 12c, 12d , 12e, and 12f ) in the low level at 2100 JST, 14 January 2001 during the northward shift of the JPCZ. Each term of the horizontal divergence tendency was also averaged for 2 hours from 1 hour before to 1 hour after 2100 JST, 14 January 2001. The total horizontal divergence tendency (Fig. 12c) , which is the sum of the terms D HADV , D VADV , and D AGEO , is positive in the south edge in the southeastern JPCZ. In the north of this positive divergence tendency, the negative divergence tendency is present. This indicates that the convergence zone shifts northward with time. The terms D HADV (Fig. 12d ) and D AGEO (Fig.  12f ) are positive in the south edge in the southeastern JPCZ and negative in the north of the positive region, which contributes to the Fig. 11 . Time-distance cross section of the 100 km-square running mean horizontal divergence along the line A0-A1 in Fig. 9 at a height of 756 m obtained from the numerical experiment. The contour lines are drawn every 0:4 Â 10 À4 s À1 . northward shift of the JPCZ. The positive and negative pattern of the term D HADV is formed by a large eastward horizontal advection in the south of the JPCZ. On the other hand, a negative D AGEO along the northern JPCZ is formed between the northeastward F AGEO in the south and the southwestward F AGEO in the north. The term D VADV (Fig. 12e) is the opposite pattern to the total tendency and therefore does not contribute to the northward shift. The pressure pattern (Fig. 12b) shows that the pressure gradient was largely different across the maximum convergence of the JPCZ. The pressure gradient is large to the south of the maximum convergence. On the other hand, the small pressure gradient region extends toward the north of the maximum convergence zone.
We showed that the terms D HADV and D AGEO are important for the northward shift of the JPCZ. The terms D HADV and D AGEO are determined by the horizontal patterns of horizontal velocity and ageostrophic velocity, respectively. In the following, we will examine the patterns of the horizontal velocity and ageostrophic velocity which maintain the northward shift of the JPCZ.
4.2.b. Shift process assciated with the
horizontal advection First, the pattern of the horizontal velocity concerning D HADV associated with the northward shift of the JPCZ is examined. As shown in Appendix A, when a convergence is formed in a mean wind with an asymmetrical wind pattern, the minimum of D HADV is formed toward the lee side of the present maximum horizontal convergence.
The time-distance horizontal velocity component along the line A0-A1 in the low level during the northward shift is shown in Fig. 13 . Although the wind component across the convergence zone was almost symmetry around 15 JST, 14 January 2001, an asymmetric pattern became clear with time. The asymmetric patten is formed between strong positive wind component in the southwest (the left-hand side of the figure) and weak negative component in the northeast. These wind pattern contribute to the shift of the JPCZ toward the north through the D HADV term.
In order to clarify the formation process of this asymmetric velocity component, the momentum budget was estimated. The onedimensional momentum budget equation used in Kato (1998) is extended to two dimension. We consider anelastic equation systems (Ogura and Phillips 1962) and ignore the diffusion terms. Then, the area-averaged momentum equations in the zonal directions and meridional directions are written respectively as: 
where u and v are the zonal and meridional components of the velocity, r is the air density, and p is the pressure. An overbar and a prime denote an average in an area and its deviation, respectively. The terms ADV and AG indicate an area-averaged advection and F AGEO , respectively. The terms VMF included in the term ADV and VEF are the vertical transport of horizontal momentum by mean vertical motions and convections in an area, respectively. The momentum budget was calculated in an area with 0.89 degrees in the meridional direction and 1.09 degrees in the zonal direction (about 100 km square) centered at each grid point. Figure 14 shows the component along the line A0-A1 of each term of Eqs. (2) and (3).
The total acceleration (Fig. 14a ) has a large positive value in the southwest (the left-hand side of the figure) until 23 JST, 14 or 00 JST, 15 January 2001, and almost zero or negative value in the northeast. This is in good agreement with the change of the velocity component along the line A0-A1 shown in Fig. 13 . The term ADV (Fig. 14b) is negative along the region where the velocity component along the line A0-A1 is zero (thick solid line in the center of the figure) , and zero to positive in the northwest region. This pattern is opposite to that in the total acceleration, which indicates that the term ADV has no contribution to the north- ward shift of the JPCZ. The term ADV up to a distance of 200 km from A0 between 2030 JST, 14 and 0000 JST, 15 January 2001 indicates the positive acceleration to bring a strong wind in the low level. A back trajectory from the strong wind showed that the acceleration was in association with the descending of the strong wind region along the south rim of the mid-tropospheric cold core (figure not shown). However, the region in which the term ADV accelerates is far from the convergence zone. Therefore, the wind field descending from the cold core did not contribute to the northward shift of the JPCZ. The term VEF (Fig. 14c) is positive along the region where the velocity component along the line A0-A1 is zero and is zero outside the region. This pattern contributes to make a new convergence in the northeast region of the present convergence zone. The term AG (Fig. 14d) shows a large positive in the convergence zone and negative in its northeast. This indicates that the term AG played an primary role on the increase of the asymmetric velocity across the JPCZ. The momentum budget indicates that the term AG is primarily important for the increase of the asymmetric velocity component across the JPCZ, and the momentum transport by convections represented with the term VEF played some role. Concerning the term AG, the ageostrophic wind pattern will be discussed in the following Section 4.2.c.
4.2.c. Ageostrophic wind and its tendency
In this section, we examine the ageostrophic wind pattern associated with the terms D HADV and D AGEO which caused the northward shift of JPCZ. Figure 15a shows the ageostrophic wind pattern at 2100 JST, 14 January 2001 in the low level. The anticyclonic ageostrophic wind pattern is present in the northern JPCZ. As the Coriolis force is exerted to the right on the ageostrophic wind, southwesterly velocity is accelerated within the convegence zone and decelerated in just north of the JPCZ, which contiributes to the formation of an asymmetric velocity pattern across the JPCZ (Figs. 12d  and 13 ). This Coriolis force also directly forms a negative divergence tendency ðD AGEO Þ in the central part of the anticyclonic pattern (Fig.  12f ) .
The definition of ageostrophic wind is differ-entiated with respect to time to become
Equation (4) states that rapid pressure change (the first term on the right) or velocity change (the second term on the right) cause ageostrophic wind to adjust velocity fields to the geostrophic balance. Figure 15b shows the change in the ageostrophic velocity from 1800 JST to 2100 JST, 14 January 2001 in the low level. This change shows an anticyclonic pattern centered at the northern edge of the JPCZ. This is similar to the ageostrophic wind pattern at 2100 JST, 14 January 2001, except that the ageostrophic tendency is located slightly northwest from the ageostrophic pattern. This slight difference of the phase is consistent with the northward shift of the JPCZ. In other words, the northward shift can be maintained if a new anticyclonic ageostrophic pattern is formed in the north of an old one. The change in the ageostrophic velocity is divided into the two terms associated with the pressure change ( Fig. 15c ) and velocity change (Fig. 15d ) from 1800 JST to 2100 JST, 14 January 2001. In Fig. 15c , the pressure change for the 3 hours is shown with thin lines as well. The term associated with the pressure change (Fig. 15c) shows an anticyclonic pattern. This is in good agreement with the change in the ageostrophic wind (Fig. 15b ). On the other hand, an anticyclonic pattern is not seen in the velocity change (Fig. 15d ). This means that the anticyclonic pattern in the ageostrophic change is formed by a rapid pressure change against the geostrophic adjustment. The pressure decrease process along the northern JPCZ will be examined in Section 5.
Southward shift process
At 0100 JST, 15 January 2001, the eastern JPCZ extending in the zonal direction shifted southward (Fig. 16a) . The northerly wind direction in the north of the JPCZ is almost perpendicular to the JPCZ; on the other hand, the westerly wind direction in the south is almost parallel.
Each term of the divergence Eq.
(1) and acceleration vectors at 0100 JST, 15 January 2001 are shown in Figs. 16c, 16d, 16e, and 16f . The total divergence tendency (Fig. 16c) is pos-itive along the northern JPCZ and negative along the southern edge. This total pattern is consistent with the southward shift of the JPCZ. The term D HADV (Fig. 16d) is the same pattern as the total divergence tendency pattern, and therefore contributes to the southward shift of the JPCZ. The pattern of D HADV is caused by the increase of the southward horizontal advection toward the south. The large difference of angles of the wind vectors across the JPCZ (Fig. 16a) forms the negative divergence tendency along the southern edge of the JPCZ and the positive one along the north part. The term D VADV (Fig. 16e) is also the same pattern as the total divergence tendency pattern, and contributes to the southward shift of the JPCZ.
The pattern of the term D AGEO (Fig. 16f ) is opposite to the total divergence tendency. This indicates that the term D AGEO does not contribute to the southward shift of the JPCZ. Although the pattern during the southward shift is similar to that during the northward shift, the negative D AGEO along the northern JPCZ during the southward shift is not as systematic as that during the northward shift (Fig. 12f ) . This is favorable for the southward shift of the JPCZ.
The pressure field in the low level at 0100 JST, 15 January 2001 (Fig. 16b) shows a uni- form pressure gradient across the JPCZ, as compared with the period during the northward shift. This is because the small pressure gradient extending northward from the center of JPCZ during the northward shift (Fig. 12b) became unclear. Figure 17 shows the ageostrophic wind in the low level at 0100 JST, 15 January 2001. The ageostrophic wind speed along just north of the JPCZ and the southern JPCZ is weaker than that during the northward shift (Fig. 15a) . The anticyclonic pattern centered at the north- 
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T. OHIGASHI and K. TSUBOKI 651 ern JPCZ is unclear during the southward shift. This indicates that the wind approached the geostrophic balance condition. This resulted in the unclear negative D AGEO along the northern JPCZ during the southward shift (Fig.  16f ) .
Pressure decrease process associated with the cold core
The local rapid pressure decrease centered along the north of the JPCZ was important for the northward shift of the JPCZ. When the local pressure decrease was not maintained during the southward shift, only the advection of velcocity accounted for the shift of the JPCZ. This indicates that the pressure decrease along the north of the JPCZ is important to determine the shifting direction of the JPCZ.
The pressure change for the 3 hours between 1800 JST and 2100 JST, 14 January 2001 (Fig.  18a ) during the northward shift shows that the temporal pressure change minimum around a distance of 350 km from A0 below a height of about 2500 m. The y change for the same period (Fig. 18b) shows that a slight increase of y with time closely corresponds to the temporal pressure change minimum. This indicates that the temporal pressure change is hydrostatically induced. A thick line in the figure indicates the center of the JPCZ defined by the location of the maximum diabatic heating. The maximum of y change extended toward the north (the right-hand side in the figure) from the center of the JPCZ.
The temporal change of y is examined using the thermodynamic equation:
where c p is the specific heat at constant pressure, T is the temperature, _ Q Q is the diabatic heating rate, and Turb.y is the diffusion of y by the subgrid-scale turbulent eddies. The terms HADV y , VADV y , and DH indicate the horizontal advection of y, vertical advection of y, and diabatic heating including diffusion, respectively.
The contribution of each term to the heating amount is shown in Fig. 19 . The term DH was estimated with the temporal change of y for the 3 hours and integrations of HADV y and VADV y during the same period using the simulation result every 10 minutes. The maximum of term HADV y (Fig. 19a ) is located at a distance of about 50 km north of the center of the JPCZ, and a slightly negative HADV y extends toward the north of the positive HADV y . On the other hand, stronger cold advection is present in the south of the center of the JPCZ. This pattern can hydrostatically form a local pressure minimum in the north side of JPCZ. The term VADV y (Fig. 19b) shows a minimum at the center of the JPCZ, while the term DH (Fig. 19c ) has a maximum. In this short period, the DH term is almost formed by the sensible heat associated with an updraft along the JPCZ except for near the surface. The diabatic heating then occurs at almost the same time with the adiabatic cooling. Therefore, the sum of the terms DH and VADV y is important. Figure 19d shows that the sum of the terms DH and VADV y in the north side of JPCZ is negligible, and forms a local minimum. This pattern forms a pressure maximum in the north side of JPCZ. Therefore, the asymmetric pattern of HADV y to the center of the JPCZ is essential for the formation of pressure minimum in the north of the JPCZ. Horizontal wind and y fields at a height of 1918 m, where a maximum horizontal advection of y occurred, are shown in Fig. 20 . The horizontal gradient of y was almost constant at 1500 JST, 14 January 2001 in the western Sea of Japan in which the JPCZ was located (Fig. 20a ). Although wind directions changed across the JPCZ in the lowest level to make a convergence ( Figs. 12a and 16a ), a westerly wind mostly blows in the upper level. The westerly wind blew in the constant gradient of y. This results in the symmetric horizontal advection of y across the JPCZ in this level. At 1800 JST, 14 January 2001, a ridge of y extending toward the northwest from the San-in is formed (Fig. 20d) . The wind direction and speed relative to the location of the JPCZ show no significant change as compared to those at 1500 JST, 14 January 2001. Therefore, cold advection is intensified in the southwest of the ridge of y, on the other hand, weakened in the northeast. This indicates that the formation of the ridge of y is important for the asymmetric horizontal advection of y across the JPCZ. The ridge of y corresponds to the weak wind zone of less than 10 m s À1 along the JPCZ (Fig. 9 ) at 1800 JST, 14 January 2001. The weak wind zone is already formed at 1500 JST, 14 January 2001. Within the weak wind zone, the cold advection is weak, which results in the ridge of y.
In order to examine the maintenance of the weak wind zone that forms the ridge of y, the horizontal wind vector is divided into geostrophic ( Figs. 20b and 20e ) and ageostrophic ( Figs. 20c and 20f ) components. The weak wind zone was highly ageostrophic with a westerly geostrophic wind and a southeasterly strong ageostrophic wind. In the highly ageostrophic wind region, F AGEO accelerates the wind. Therefore, in order for the highly ageostrophic weak wind zone to be maintained, F AGEO must be balanced by the other forces. Figure 21 shows the horizontal wind speed and wind-parallel components of the momentum budget across the JPCZ at a height of 1918 m during the northward shift. The windnormal componets of the momentum budget make no contribution to increase or to decrease the wind speed. A weak horizontal wind speed around 10 m s À1 is maintained along the JPCZ (Fig. 21a) . The wind-parallel component of the total acceleration (Fig. 21b) is around zero within the weak wind zone, and is consistent with the maintenance of the weak wind. The term AG (Fig. 21f ) indicates that the weak horizontal wind is highly ageostrophic, and thus continuously accelerated by the large F AGEO (Fig. 21f ) . The term AG must be balanced by the remaining terms: ADV and VEF. The term ADV almost balanced or exceeded the term AG within the weak wind zone (Fig.  21c ). On the other hand, the term VEF contributes only slightly to the balance with the term AG (Fig. 21e ). The momentum transport by the mean vertical flow represented by the term VMF (Fig. 21d ), which is included in the term ADV, contributed to keep the ageostrophic weak wind to some extent. When the areamean low-level convergence, which controls the strength of the area-mean vertical wind, along the JPCZ became stronger (Fig. 11) , the contribution of the VMF became larger.
The relationship between the vertical wind at a mid-level of the updraft along the JPCZ, and convective instability across the JPCZ is shown in Fig. 22 . The convective instability is represented as the difference between y e in the lower troposphere (a height of 756 m) and that in the mid-troposphere (a height of 3934 m). The updraft along the JPCZ is intensified when the convective stability becomes lower along the JPCZ. The temporal change in the convective stability along the JPCZ was caused by the passage of the mid-tropospheric cold core (denoted by a thick broken line in the figure) . As the cold core approaches the updraft zone of the JPCZ, the stability along the JPCZ decreases. The stratification shows the lowest stability under the cold core. When the cold core moves away from the JPCZ, the stratification along the JPCZ is stabilized. Therefore, the passage of the cold core changes the stability along the JPCZ, which controls the magnitude of the updraft along the JPCZ. However, the location of the JPCZ did not always correspond with that of the lowest stability. Although the lowest stability shifts toward the east (the right-hand side of the figure) in association with the propagation of the cold core, the updraft zone along the JPCZ shifts toward the southwest from 00 JST, 15 January 2001. The stratification change associated with the mid-tropospheric cold core controls the strength of the updraft. The intensified updraft in the lower stability maintains the upperlevel weak wind zone along the JPCZ through the vertical transport of the horizontal momentum (Fig. 21) . The upper-level weak wind zone forms the ridge of y, which contributes to the asymmetric horizontal advection of y (Fig. 20) . This results in the pressure decrease in the northeast of the JPCZ in the lower troposphere ( Fig. 18) . When the updraft is relatively weak along the JPCZ during the southward shift, the pressure decrease in the northeastern JPCZ is not maintained (Figs. 16b) . The shift of the JPCZ was directly determined not by the stability but by the pressure fields in the lower troposphere and the wind field modified by the pressure fields.
Discussion
Dynamics of upper-level cold core has been examined by diagnostic analyasis using PV as summarized in Section 1. In this section, the concept associated with PV is compared with the results shown in the present study. In addition, roles of the cold core on the shift and intensification of the JPCZ is discussed. In a conservation of PV along a trajectory, an updraft is expected below and in the front part of the moving cold core with a positive PV anomaly. Although the JPCZ also developed in the front of the cold core in this study (Figs. 5 and 6) , a horizontal scale of intensification of the updraft along the JPCZ was restricted within the JPCZ (Fig. 22 ). This scale is smaller than that expected from a scale of about 1000 km of cold core. This indicates that the intensification of mesoscale updrafts along the JPCZ cannot be explained by a superimposition with an updraft expected by the moving cold core.
The intensification of an updraft along the JPCZ appears to be caused by the decrease of convective stability (Fig. 22) . A horizontal movement of the cold core could explain the decrease of stability between 700 hPa and 500 hPa because the cold core was clearly recognized within the layer. On the other hand, a weak updraft associated with a positive PV anomaly could be a possible mechanism for the decrease of stability below 700 hPa. The minimum of stability is formed just under a positive PV anomaly because the weak updraft lifts up constant y levels, and increases the thickness in the front part of it. The relation between the location of the cold core and stability shown in Fig. 22 is consistent with this concept.
The inversion of PV shows that a cyclonic circulation is induced below a cold core with a positive PV anomaly. Therefore, southerly and northerly flows are expected in the low level in the front of and behind the cold core, respectively. The southerly flow in the front of the cold core can contribute to the northward shift of the JPCZ associated with the horizontal advection term [term D HADV in Eq. (1) and Appendix A], on the other hand, the northerly flow can contribute to the southward shift behind the cold core. If the southerly wind flows through a ridge of y along the JPCZ, cold advec- tion in the south of the JPCZ and warm advection in the north brings a local pressure minimum in the north of the JPCZ. The concept is qualitatively consistent with a pressure decrease, which is important for the shift of the JPCZ, in the north of the JPCZ. However, quantitative discussions remain for the inversion of PV to be applied. In the present case, the strong wind zone developed in the low level in the south of JPCZ (Figs. 8b and 10b) . The strong wind zone was partly formed by a descent of strong wind from the southern rim of the cold core (figure not shown). The development of strong wind also increases the component normal to the JPCZ. If the strong wind reaches the JPCZ, it contributes to the shift of the JPCZ. However, the advection of strong wind in the direction normal to the JPCZ did not reach the JPCZ (Fig. 14b) . Therefore, the descent of large momentum from the cold core did not directly contribute to the shift of the JPCZ.
These discussions are summarized as follows. The cold core intensified the JPCZ through the decrease of convective stability. A weak updraft associated with a moving cold core conserving PV could be a possible mechanism for the decrease of stability. On the other hand, the intensification of mesoscale updraft along the JPCZ is not directly explained by a superimposition with an updraft associated with a cold core. The intensification of the updraft along the JPCZ decreases the pressure through a horizontal advection of y in the north of the JPCZ as described in Section 5. The pressure decrease contributes to the northward shift of the JPCZ. The horizontal wind expected from the inversion of the PV is qualitatively consistent with shift associated with the advection term (term D HADV ) and the development of the pressure decrease in the north of the JPCZ.
Summary and conclusions
The Japan-Sea Polar-Airmass Convergence Zone (JPCZ) was formed over the western part of the Sea of Japan during an outbreak of cold air on 14 January 2001. When a midtropospheric mesoscale cold core passed over the sea, the cloud band along the JPCZ was intensified and shifted to the north and to the south. The shift and intensification processes were studied mainly using a cloud-resolving model. We considered that the shift and intensification of the cloud band along the JPCZ were caused by those of the low-level convergence along the JPCZ. The shift process of low-level convergence was examined using the divergence equation. The conceptual model of shift and intensification of the JPCZ associated with the passage of a cold core is shown in Fig. 23 .
The mid-tropospheric mesoscale cold core reached from the Eurasian Continent to the Sea of Japan along the rim of a mid-tropospheric synoptic-scale cold low. When the cold core approaches the JPCZ formed over the Sea of Ja- pan during an outbreak of cold air (Fig. 23a) , convective stability decreases along the JPCZ. The decrease of stability intensifies the mesoscale updraft along the JPCZ, and also forms deep convections (taller clouds in Fig. 23 ). The intensification of the mesoscale updraft along the JPCZ strengthens the vertical transport of the horizontal momentum. The advection term including the vertical transport of the horizontal momentum forms a weak wind zone in the mixing layer along the JPCZ. This results in the development of the ridge of y along the JPCZ. Since the westerly wind is predominant in the upper levels, the formation of the ridge of y results in the decrease of horizontal cold advection in the north of the JPCZ. This asymmetric heating hydrostatically reduces the pressure in the low level in the north of the JPCZ (broken ellipse in Fig. 23a ) and increases the pressure gradient in the south. The pressure distribution contributes to the northward shift of the JPCZ through the two processes. The first process is concerned with an asymmetric pattern of the wind component across the JPCZ. The asymmetric pattern of the wind component is formed through acceleration in the south of the pressure decrease area. The Coriolis force exerted on the ageostrophic wind, which is formed in association with pressure decrease, mainly causes the acceleration. The horizontal momentum transport by the convections along the JPCZ contributes to the acceleration to some extent. This asymmetric pattern of the wind component across the JPCZ (thin arrows in Fig. 23a ) forms a convergence tendency in the north of JPCZ and a divergence tendency in the south. The second process is in association with an anticyclonic ageostrophic wind pattern centered at the north of the JPCZ. The anticyclonic ageostrophic wind pattern is caused by the rapid pressure decrease in the north of the JPCZ. The Coriolis force exerts the anticyclonic ageostrophic wind, which results in a large convergence tendency along the north of the JPCZ. The convergence tendency in the north of the JPCZ and divergence tendency in the south formed by the two processes mentioned above cause the northward shift of the JPCZ. A series of processes is interpreted as being caused in the geostrophic adjustment process associated with the rapid pressure decrease.
On the other hand, when the cold core moves away from the JPCZ (Fig. 23b ), the pressure decrease in the north of the JPCZ is not maintained. Then, the horizontal wind field approaches the geostrophic pattern, and the contribution of the process associated with the anticyclonic ageostrophic wind pattern centered at the northern JPCZ becomes smaller. Then, only the advection determines the shift of the JPCZ. A northerly wind from the north of the JPCZ extending in the east-west direction and a westerly wind in the south (thin arrows in Fig. 23b ) form a divergence tendency in the north of the JPCZ and a convergence tendency in the south through the horizontal advection. The vertical advection also shows a similar pattern. These results in the southward shift of the JPCZ.
The shift of the JPCZ is directly determined according to a low-level pressure tendency and a low-level wind field changed by the lowlevel pressure pattern. The mid-tropospheric cold core changes the low-level pressure field through the change of stratification. However, the pressure in the low level does not change so rapidly. Therefore, the shift of the JPCZ does not always correspond with that of the minimum stability area associated with the movement of the mid-tropospheric cold core.
The previous studies showed that cold outbreaks behind a synoptic cyclone respond to the lower boundary conditions to form the JPCZ (Nagata et al. 1986; Nagata 1991) . This indicates that a synoptic situation in the lower troposphere is also a factor to determine a location of the downstream part of the JPCZ. The shift of the JPCZ is concluded as follows using these factors: the mid-tropospheric mesoscale cold core and a synoptic situation in the lower troposphere. A synoptic situation in the lower troposphere was mostly constant during the northward and southward shifts of the JPCZ in the present case. Therefore, this synoptic situation was likely to fix the JPCZ in a particular location. The mid-tropospheric mesoscale cold core modified the lower-level synotic situation through the intensification of the JPCZ. The JPCZ shifted northward during the modified processes. When the low-level modification associated with the cold core decreased, the JPCZ was restored into a location determined by the lower-level synotic situation.
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Appendix A
Divergence of the advection term across a convergence zone
We consider a one-dimensional sinusoidal velocity pattern that represents an idealized Fig. A1 . One-dimensional patterns of (a) velocity (m s À1 ), (b) divergence (10 À4 s À1 ), (c) advection (10 À3 m s À2 ), and (d) divergence of advection (10 À4 m s À1 hr À1 ) from x ¼ 0 to x ¼ x 0 at the 2u 0 ¼ 20 m s À1 and x 0 ¼ 100 km. The lines I, II, III, and IV indicate the patterns at u m ¼ 0; 5; 10, and 15 m s À1 , respectively.
